Mast cells are multifunctional immune cells that participate in many important processes such as defense against pathogens, allergic reactions, and tissue repair. These cells perform their functions through the release of a wide variety of mediators. This release occurs mainly through cross-linking IgE (immunoglobulin E) bound to high affinity IgE receptors by multivalent antigens. The abundance of mast cells in connective tissue, surrounding blood vessels, and their involvement in the early stages of bone repair support the possibility of physiological and pathological interactions between mast cells and osteoblasts. However, the participation of mast cell mediators in osteogenesis is not fully understood. Therefore, the objective of this work was to investigate the role of mast cell mediators in the acquisition of the osteogenic phenotype in vitro. The results show that pooled mast cell mediators can affect proliferation, morphology, and cytoskeleton of osteoblastic cells, and impair the activity and expression of alkaline phosphatase as well as the expression of bone sialoprotein. Also, mast cell mediators inhibit the expression of mRNA for those proteins and inhibit the formation and maturation of calcium nodules and consequently inhibit mineralization. Therefore, mast cell mediators can modulate osteogenesis and are potential therapeutic targets for treatments of bone disorders. (J Histochem Cytochem 65:723 -741, 2017) 
Introduction
Mast cells are multifunctional immune cells with important roles in innate and acquired immunity. These cells are found mainly in perivascular connective tissue and at the interface between the host and the external environment. 1 -5 Mast cell activation can be dependent or independent of the high affinity receptor for IgE (immunoglobulin E; Fc ε RI), located on the surface of mast cells. 1 -12 In Fc ε RI-dependent activation, the most well-studied form of activation, the interaction of multivalent antigens (allergens) with IgE bound to Fc ε RI cross-links the IgE-receptor complex, which results in aggregation of Fc ε RI. This aggregation initiates several biochemical events that culminate in the release of three classes of biologically active substances: preformed mediators, newly formed mediators, and newly synthesized mediators. 4 , 8 , 10 -14 Preformed mediators, such as histamine, heparin, β -hexosaminidase, TNFα (tumor necrosis factor alpha), and SCF (stem cell factor), are stored in cytoplasmic granules and are released immediately after stimulation. Newly formed mediators such as PGD2 and PGE2 (prostaglandins D2 and E2), LTB4 and LTC4 (leukotrienes B4 and C4), PAF (platelet activing factor), and thromboxanes are derived from the metabolism of arachidonic acid through the activation of phospholipase A2 and are released at the plasma membrane immediately after activation. Newly synthesized mediators such as interleukins IL-3, IL-4, IL-5, and IL-6, and TGF-β (transforming growth factor-beta) are synthesized following transcription factor activation and released 8 to 12 hr after stimulation. Through the release of these mediators, mast cells participate in many biological events, such as host defense against pathogens, allergic reactions, and tissue repair. 4, 8, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] The exact interaction between mast cells and bone tissue cells is not well understood. Urist and McLean 21 first noted the relationship between bone and mast cells in 1957 and since that time, there have been various studies trying to resolve the role mast cells play in bone remodeling. [22] [23] [24] [25] Because of the wide variety of substances secreted by mast cells, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] it is now recognized that they can exert an effect on non-immunological functions such as bone remodeling. [23] [24] [25] [26] Previous investigations have largely examined the effect of a single mast cell mediator on bone metabolism. 4, [27] [28] [29] [30] [31] [32] [33] In vivo, stimulated mast cells do not release just a single mediator, but rather they release a wide variety of mediators. Because some mast cell mediators stimulate osteoblast differentiation and mineralization and others inhibit this, 30, 31, [34] [35] [36] the present in vitro study was undertaken to investigate and characterize the influence of a pool of mast cell mediators on osteoblastic cells and on the capacity of these cells to mineralize the extracellular matrix. The results of this investigation demonstrate that pooled mast cell mediators inhibit osteoblastic differentiation and extracellular matrix mineralization.
Materials and Methods

Cells
The rat mast cell line, RBL-2H3, 37 and the rat osteoblastic cell line, UMR-106, 38 were grown attached in tissue culture flasks (Greiner Bio-One North America, Inc.; Monroe, NC) in DMEM supplemented with 15% (RBL-2H3) or 10% (UMR-106) heat-inactivated fetal bovine serum (Sigma-Aldrich; St. Louis, MO), an antibiotic-antimycotic mixture containing 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.25 µg/mL amphotericin B (Gibco, Thermo Fisher; Waltham, MA), as previously described, [39] [40] [41] and maintained at 37C in a humidified atmosphere containing 5% CO 2 in air. For experiments, mast cells and osteoblastic cells were cultured in osteogenic medium, α-MEM (Gibco) supplemented with 10% heat-inactivated fetal bovine serum (Sigma-Aldrich), 50 µg/mL gentamycin (Gibco), 5 µg/mL ascorbic acid (Gibco), and 7 mM β-glycerophosphate (Sigma-Aldrich).
Osteogenic Medium Containing Mediators Released by RBL-2H3 Mast Cells
To obtain mast cell mediators in osteogenic medium, the RBL-2H3 cells were adapted to osteogenic medium. RBL-2H3 cells were grown in 75% DMEM and 25% osteogenic medium for 3 days. Then, the cells were grown in 50% DMEM and 50% osteogenic medium for another 3 days, and the medium was then changed to 25% DMEM and 75% osteogenic medium, and, finally, after another 3 days, the RBL-2H3 cells were cultured only in osteogenic medium. Adapted RBL-2H3 cells were then cultured in osteogenic medium (1 × 10 6 cells/75 cm 2 flask) and subsequently stimulated via FcεRI. Cells were sensitized with IgE anti-TNP (Trinitrophenol; courtesy of Dr. Reuben Siraganian, National Institute of Dental and Cranial Research, National Institutes of Health; Bethesda, MD) at a concentration of 1:5000 for 16 hr and stimulated with DNP 48 -HSA (Sigma-Aldrich) at a concentration of 50 ng/mL. After 24 hr, the culture supernatant was collected, centrifuged for 5 min at 129 × g and frozen at −20C. Preformed, newly formed, and newly synthesized mediators are all released after 24 hr. 4, 8 The released mediators were characterized using the Proteome Profiler Rat Cytokine Array Kit, Panel A (R&D Systems, Inc.; Minneapolis, MN), as previously described (Supplemental Fig. 1 ). 42 Before use, the concentration of mediators in the osteogenic medium was normalized to the activity of released β-hexosaminidase per mL of osteogenic medium. To evaluate the influence of pooled mast cell mediators on the physiology of osteoblastic cells, the UMR-106 cells were cultured in DMEM with 10% fetal bovine serum, osteogenic medium, or in osteogenic medium containing mast cell mediators.
Assay for β-Hexosaminidase Activity
To confirm activation of RBL-2H3 cells cultured in osteogenic medium and also to standardize the concentration of mast cell mediators per mL of osteogenic medium, culture supernatants from stimulated RBL-2H3 cells were assayed for β-hexosaminidase activity. RBL-2H3 cells were stimulated for 24 hr, and 25 μL aliquots of osteogenic medium containing mast cell mediators were transferred to a 96-well plate. The adherent cells were solubilized in 1% Triton X-100 diluted in osteogenic medium, and 25 μL aliquots of the solubilized cells were also transferred to a 96-well plate. Then, 50 µL of 8 mM NAG (p-Nitrophenyl-Nacetyl-β-D-Glucosaminide; Sigma-Aldrich), in citrate buffer (0.1 M citric acid/sodium citrate), pH 4.5, was added to each well. The reaction was stopped by adding 25 µL of glycine buffer (0.4 M glycine, 0.4 M NaCl, pH 10). The β-hexosaminidase activity was determined by measuring the reaction product at 405 nm using a PowerWave X Plate Reader (Bio-Tek Instruments; Winooski, VT). The total amount of β-hexosaminidase activity (100%) was determined by the sum of the values of the supernatant and the solubilized cells from each well. The percentage of released β-hexosaminidase activity was then calculated from the reading of the supernatant in relation to the total value.
Co-cultures
Initially, to verify the influence of mast cells in osteogenesis, three proportions of UMR-106 cells and RBL-2H3 cells were co-cultured in DMEM or osteogenic medium: 20% mast cells (10 4 UMR-106 cells: 2 × 10 3 RBL-2H3 cells), 10% mast cells (10 4 UMR-106 cells: 10 3 RBL-2H3 cells), and 5% mast cells (10 4 UMR-106: 500 RBL-2H3 cells), for 4 and 7 days. RBL-2H3 cells were sensitized via FcεRI and stimulated with DNP 48 -HSA at days 0 and 3 of cultivation. UMR-106 cells alone were used as controls for the co-cultures. After 4 days, cells were analyzed by phase contrast microscopy, and after 7 days, cells were stained with Alizarin red, for detection of bone-like nodule formation (methods described below).
Cell Proliferation
UMR-106 cells were cultured in DMEM, osteogenic medium, or osteogenic medium containing mast cell mediators at a concentration of 2 × 10 4 cells/well in 24-well plates (Corning Life Sciences; Tewksbury, MA). Cell proliferation was assessed after 1, 4, and 7 days in culture. The cells were washed twice with PBS, fixed with methanol (Dinâmica Química Contemporânea Ltda; Diadema, SP, Brazil) for 10 min, washed twice with PBS, and stained with 0.2% crystal violet (Grübler & Co.; Berlin, Germany) in 2% ethanol (Synth; Diadema, SP, Brazil) for 15 min. Then, the wells were washed 10 times with PBS, and the solution of 0.1 M sodium citrate in 50% ethanol was added. The plates were agitated for 30 min, and then 100 μL of supernatant from each well was transferred to another 96-well plate. The absorbance of the samples was measured by ELISA PowerWave X Plate Reader (Bio-Tek Instruments) at 550 nm.
Phase Contrast Microscopy
For co-cultures, the cells were plated in DMEM or osteogenic medium. For other experiments, UMR-106 cells (2 × 10 4 cells/well in 24-well plates) were plated in DMEM, osteogenic medium, or osteogenic medium containing mast cell mediators. Accordingly, unfixed co-cultures were observed after 4 days, and unfixed UMR-106 cells were observed after 1, 4, and 7 days in culture by phase contrast microscopy using a Nikon Eclipse TS100 inverted microscope (Nikon USA; Melville, NY) equipped with a Nikon DXM 1200 digital camera.
F-actin Staining
UMR-106 cells (2 × 10 4 cells/well in 24-well plates) were plated in DMEM, osteogenic medium, or osteogenic medium containing mast cell mediators, on glass coverslips placed in the wells of 24-well plates. After 1, 4, and 7 days, cells were fixed with 2% formaldehyde (Electron Microscopy Sciences; Hatfield, PA) in PBS for 15 min at room temperature, washed twice with PBS, and permeabilized with 0.3% Triton X-100 diluted in PBS for 10 min at room temperature. Subsequently, the cells were washed twice with PBS, once with PBS containing 0.1 M glycine (Sigma-Aldrich) for 5 min at room temperature, and again washed twice with PBS. Then, the cells were incubated for 50 min with phalloidin conjugated to Alexa Fluor 488 (Molecular Probes, Thermo Fisher) at a final concentration of 2.6 U/mL together with the nuclear marker DAPI (4′,6-diamidino-2-phenylindole, dihydrochloride; Molecular Probes) at a final concentration of 0.2 μg/mL. Next, the cells were washed 5 times in PBS, rinsed quickly in Milli-Q water, and coverslips were mounted onto glass slides with Fluoromount G (Electron Microscopy Sciences). The samples were analyzed using an Olympus BX50F4 (Olympus Corporation of America; Waltham, MA) fluorescence microscope. The images were acquired with a SPOT RT3 digital camera (Diagnostic Instruments, Inc.; Sterling Heights, MI).
Alizarin Red Staining of Calcium Nodules
Co-cultures were plated in DMEM or osteogenic medium, and UMR-106 cells (2 × 10 4 cells/well in 24-well plates) were plated in DMEM, osteogenic medium, or osteogenic medium containing mast cell mediators, and allowed to grow for 7 days. Cells were washed in Hank's Balanced Salt Solution (Sigma-Aldrich) and fixed with 70% ethanol in PBS for 1 hr at 4C. Then, the cells were washed in PBS followed by Milli-Q water and stained with 2% Alizarin red in ethanol for 15 min at room temperature. Cells were washed with Milli-Q water and dried at room temperature. The samples were analyzed using an Olympus BX50F4 (Olympus) fluorescence microscope. Images were acquired with a SPOT RT3 digital camera (Diagnostic Instruments, Inc.). For co-cultures, the Alizarin red extraction was performed as previously described. 43 
Scanning Electron Microscopy (SEM)
UMR-106 cells (2 × 10 4 cells/well) were plated in DMEM, osteogenic medium, or osteogenic medium containing mast cell mediators, on glass coverslips placed in the wells of 24-well plates. After 7 days, osteoblastic cells were washed in warm (37C) PBS, fixed in 2% glutaraldehyde (Electron Microscopy Sciences) in warm PBS (containing 0.90 mM Ca 2+ and 0.50 mM Mg 2+ ) for 2 hr at room temperature. After fixation, cells were washed twice with 0.1 M cacodylate buffer, pH 7.4, and post-fixed in 1% OsO 4 (Electron Microscopy Sciences) in Milli-Q water for 2 hr at room temperature. Subsequently, cells were washed in Milli-Q water and incubated in a saturated solution of thiocarbohydrazide (Electron Microscopy Sciences) for 10 min at room temperature. After this, the samples were washed 5 times with Milli-Q water and then incubated in 1% OsO 4 in Milli-Q water. The cells were then dehydrated in increasing ethanol solutions (30, 50, 70, 90 , and 100%) and critically point dried using CO 2 (BAL-TEC-DPC-030 Critical Point Dryer; Balzers, Germany). Each coverslip was then attached with silver paint (Electron Microscopy Sciences) to an aluminum stub and covered with gold in a sputter coater (BAL-TEC-CPD-050 Sputter Coater; Balzers, Germany). The samples were then observed in a JEOL JSM-6610 LV (Tokyo, Japan) scanning electron microscope.
Energy Dispersive X-Ray Spectrometry (EDS)
UMR-106 cells (2 × 10 4 cells/well) were cultured in DMEM, osteogenic medium, or osteogenic medium containing mast cell mediators, on glass coverslips placed in the wells of 24-well plates. After 7 days, cells were rinsed in PBS and fixed for 60 min in 4% formaldehyde in PBS, pH 7.2, at room temperature. Subsequently, the cells were washed in PBS followed by Milli-Q water. 44 After this process, the samples were analyzed by EDS (Oxford Instruments; Abingdon, Oxfordshire, UK) coupled to a JEOL JSM-6610LV scanning electron microscope equipped with a backscatter detector. Data were analyzed using Aztec 1.0 software (Oxford).
Immunoblotting
Lysate Preparation. UMR-106 cells were lysed in 0.5 mL lysis buffer (50 mM Tris-HCl pH 8, 150 mM NaCl, 0.1% SDS, 1% (v/v) Nonidet P-40, 0.5% (w/v) sodium deoxycholate, 15 µL/mL Protease Inhibitor Cocktail (Sigma-Aldrich)) at 4C for 20 min, followed by centrifugation (16,000 × g) for 15 min at 4C. The protein concentration of the lysates was determined by the Bradford method. 45 SDS-PAGE and Western Blot. Cell lysates were added to the sample buffer (1:1) containing 5% β-mercaptoethanol and boiled for 5 min. 10 µg of protein was applied per lane to 7.5% polyacrylamide gels 46 and electrophoresed under reducing and dissociating conditions using a miniVE Vertical Electrophoresis System (GE Healthcare; Piscataway, NJ), at 30 mA. After separation, the proteins were electrotransferred to nitrocellulose membranes by the method of Towbin et al. 47 After transfer, the nitrocellulose membranes were stained with Ponceau Red (Sigma-Aldrich). The membranes were then washed in TBS/ Tween (100 mM NaCl; 10 mM Tris-HCl, pH 8.0; and 0.05% Tween-20, v/v) and incubated for 1 hr with blocking buffer (TBS/Tween plus 4% BSA, w/v; Sigma-Aldrich). Then, the membranes were incubated for 1 hr with anti-alkaline phosphatase (ALP) antibody (sc-137213, Santa Cruz Biotechnology, Inc.; Dallas, TX) at 1:200 dilution in TBS/Tween containing 1% BSA (w/v) and subsequently with goat anti-mouse IgG-HRP (Jackson ImmunoResearch Laboratories, Inc.; West Grove, PA) at 1:5000 dilution in TBS/Tween for 1 hr at room temperature. After incubation, the membranes were washed 10 times with TBS/Tween. Proteins were detected by chemoluminescence using the ECL kit (GE Healthcare). Controls included omission of the primary antibody and substitution of the primary antibody with normal mouse IgG. All controls were negative. The blots were scanned, and the optical densities of the bands were calculated using Adobe Photoshop (Adobe Systems, San Jose, CA).
Total Protein Measurement
UMR-106 cells (2 × 10 4 cells/well) were cultured in DMEM, osteogenic medium, or osteogenic medium containing mast cell mediators in 24-well plates. After 1, 4, and 7 days, the total protein concentration was determined using the method of Lowry et al. 48 Wells were washed with warm PBS (37C) and then with 2 mL of deionized water. The samples were then subjected to 5 cycles of thermal shock (20 min at −20C and for 15 min at 37C). At the end of the cycles, 1 mL from each well of the cell lysate was transferred to test tubes containing 1 mL of Lowry solution (Sigma-Aldrich) and allowed to stand at room temperature for 20 min. After this period, 0.5 mL of Folin and Ciocalteu's phenol solution (Sigma-Aldrich) was added to each tube, and the tubes were allowed to stand for 30 min at room temperature. The absorbance of each tube was measured in a spectrophotometer (CE3021, Cecil, Cambridge, UK) at 680 nm, and the total protein concentration (μg/mL) for each well was calculated from a standard curve of bovine serum albumin (Sigma-Aldrich).
Measurement of ALP Activity
UMR-106 cells (2 × 10 4 cells/well) were cultured in DMEM, osteogenic medium, or osteogenic medium containing mast cell mediators in 24-well plates. After 1, 4, and 7 days of culture, the ALP activity was assessed by measuring the release of thymolphthalein by the hydrolysis of the substrate thymolphthalein monophosphate, using the Alkaline Phosphatase Kit (Labtest Diagnostica SA; Belo Horizonte, MG, Brazil), according to manufacturer's instructions. The activity of ALP in µmol thymolphthalein/h/mg protein was calculated by measuring a standard tube and normalized to total protein concentration.
Immunolocalization of Bone Sialoprotein (BSP)
UMR-106 cells (2 × 10 4 cells/well) were cultured in DMEM, osteogenic medium, or osteogenic medium containing mast cell mediators, on glass coverslips placed in the wells of 24-well plates, for 7 days. The cells were then fixed in 2% formaldehyde (Electron Microscopy Sciences) in PBS for 15 min and then washed 3 times with PBS. Cells were permeabilized with 0.1% triton X-100 (Sigma-Aldrich) in PBS for 10 min at room temperature. Then, cells were blocked with PBS plus 1% BSA containing 5 μg/mL goat IgG (Jackson ImmunoResearch Laboratories, Inc.) for 15 min. After blocking, the cells were washed 3 times with PBS and incubated with rabbit anti-BSP antibody (Abcam; Cambridge, MA), at a final concentration of 2 μg/mL for 1 hr. After incubation, cells were washed 5 times with PBS and incubated with goat anti-rabbit IgG conjugated to Alexa 594 (Molecular Probes) at a final concentration of 2 μg/mL, for 30 min. Next, cells were washed 10 times in PBS, quickly rinsed in Milli-Q water, and coverslips were mounted with Fluoromount G (Electron Microscopy Sciences). The samples were analyzed with BX50F4 Olympus fluorescence microscope (Olympus). The images were acquired with a SPOT RT3 digital camera (Diagnostic Instruments, Inc.).
BSP Expression Analysis
The fluorescence intensity of the osteoblastic cells immunostained for BSP was quantified using Image-Pro Plus version 4.5.1 software (Media Cybernetics; Silver Spring, MD). For each experimental group, 10 fields were randomly selected using a 40× objective. The fields were thresholded, and the intensity of each cell was automatically measured, and the mean of fluorescence intensity was calculated by the program. The data are expressed as the average of 3 independent experiments.
Analysis of Gene Expression by Real-Time Polymerase Chain Reaction (PCR)
Quantitative real-time PCR was carried out to evaluate the gene expression of ALP, BSP, OPN (osteopontin), OC (osteocalcin), Runx2 (runt-related transcription factor 2), and OSX (osterix), in osteoblastic cells. UMR-106 cells (2 × 10 4 cells/well) were cultured in DMEM, osteogenic medium, or osteogenic medium containing mast cell mediators in 24-well plates for 7 days. Total RNA was extracted with TRIzol (Invitrogen, Thermo Fisher Scientific), and the concentration was determined by reading the optical density at 230, 260, 280, and 320 nm (GE Healthcare; Milwaukee, WI). Complementary DNA (cDNA) was synthesized using 1 µg of RNA through a reverse transcription reaction (Applied Biosystems, Thermo Fisher Scientific) according to the manufacturer's instructions. Real-time PCR was performed in a CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories; Philadelphia, PA) using TaqMan probes (Applied Biosystems) for the target genes ( Table 1 ). The standard PCR conditions were 50C (2 min), 95C (10 min), 40 cycles of 95C (15 sec), and 60C (1 min). The relative gene expression was calculated in reference to both β-actin and HPRT1 (hypoxanthine phosphoribosyltransferase 1) expression and its respective control using the cycle threshold (Ct) method. 49 
Statistical Analysis
GraphPad Prism 5.0 (GraphPad Software; San Diego, CA) was used to compare experimental groups by one-or two-way ANOVA. Data were expressed as mean ± standard deviation of at least three independent experiments. p Values below 0.05 were considered significant.
Results
High Concentrations of Mast Cells Inhibit Mineralization
To assess the influence of mast cells on osteoblast mineralization, osteoblastic cells were co-cultured with various concentrations of RBL-2H3 mast cells ( Fig. 1) in either DMEM or osteogenic medium. By phase contrast microscopy, it was possible to see that in either medium, the mast cells and the osteoblastic cells tended to grow in clusters independent of each other. In DMEM, mineralization was not detected either with or without the presence of mast cells. In contrast, in osteogenic medium in the presence of mast cells, the pattern of mineralization was altered. When the osteoblastic cells were cultured without mast cells, the structure of the mineralized nodules was dense and compact. In the presence of mast cells, the nodules were more dispersed, less compact, and there were fewer dense nodules. Furthermore, there was a significant inhibition of mineralization when the mast cell concentration reached 20% in the co-cultures. There was also an inverse ratio between the percent of mast cells in the co-cultures and the area occupied by mineralized nodules. With 5% mast cells in the co-cultures, the mineralized area was most extensive as reflected by the Alizarin red staining. The amount of mineralization seen with the osteogenic medium alone, as analyzed by Alizarin red extraction, may not reflect the true degree of mineralization due to the difficulty in extracting the Alizarin red from the mature nodules (Fig. 1B) . Thus, the presence of mast cells, especially at high concentrations, does affect the process of mineralization.
Mast Cell Mediators Inhibit Osteoblastic Cell Proliferation
Because the mast cells and osteoblastic cells tended to grow independent of each other, it was of interest to determine if the direct interaction of mast cells with osteoblastic cells was necessary to alter the process of mineralization as seen in the co-cultures or if the released mediators alone were sufficient to affect mineralization. Therefore, subsequent experiments were focused on evaluating the effect of released mast cell mediators on UMR-106 cells. Initially, the influence of the mast cell mediators on osteoblastic proliferation was evaluated using UMR-106 cells cultured with DMEM, osteogenic medium, or osteogenic medium containing mast cell mediators (Fig. 2) . No differences in osteoblastic proliferation were observed after 1 day in culture with any of the media. After 4 days, no differences in proliferation were seen when osteoblastic cells were cultured in DMEM or in osteogenic medium. In contrast, a reduction in osteoblastic proliferation was found when the cells were cultured in osteogenic medium containing mast cell mediators. After 7 days in culture with DMEM, a significant increase in osteoblastic proliferation was observed when compared with the other media. However, there was no difference in proliferation between osteoblastic cells cultured for 7 days in osteogenic medium or in osteogenic medium containing mast cell mediators.
Mast Cell Mediators Induce Morphological Changes in Osteoblastic Cells
The effect of mast cell mediators on osteoblastic morphology was then evaluated (Fig. 3 ). Osteoblastic cells cultured for 1 and 4 days in DMEM or in osteogenic medium were polygonal, resembling epithelial cells, while osteoblastic cells cultured in osteogenic medium containing mast cell mediators were fusiform. After 7 days, the osteoblastic cells cultured in both osteogenic medium and osteogenic medium containing mast cell mediators showed areas consistent with mineralization. These mineralized areas were most evident in the cultures with only osteogenic medium.
Mast Cell Mediators Stimulate Rearrangement of the Actin Cytoskeleton
Because the actin cytoskeleton reflects the cell morphology, it was of interest to investigate if changes in the actin cytoskeleton occurred when osteoblastic cells were cultured in the different media ( Fig. 4) . In osteoblastic cells cultured in DMEM, osteogenic medium, or in osteogenic media containing mast cell mediators, actin filaments were seen at the inner surface of the plasma membrane, forming a framework for the cell. In osteoblastic cells cultured with osteogenic medium containing mast cell mediators, the actin filaments were organized into parallel bundles along the major axis of the cells. In addition, after 7 days in osteogenic medium, the osteoblastic cells had many pyknotic nuclei, indicating cell death (Fig. 4 ).
Mast Cell Mediators Inhibit Mineralization
After 7 days in culture with osteogenic medium with or without mast cell mediators, the cultures had areas that appeared mineralized. Thus, the influence of the mast cell mediators on the formation of calcium nodules was evaluated ( Fig. 5 ). After 7 days in culture in osteogenic medium with or without mast cell mediators, the osteoblastic cultures had areas with calcium nodules as assessed by Alizarin red staining. In contrast, no mineralized areas were observed when osteoblastic cells were cultured in DMEM. Calcification could also be seen by SEM. The areas with calcium nodules were more extensive and the surface of nodules was more complex and rough in osteoblastic cells cultured in osteogenic medium, when compared with osteoblastic cells cultured in osteogenic medium containing mast cell mediators. Furthermore, when the osteoblastic cells were cultured in osteogenic medium, these calcium nodules could be detected by intense red fluorescence using a 590 nm emission filter. No fluorescent nodules were seen in osteoblastic cells cultured in the other 2 media (Fig. 5 ).
Mast Cell Mediators Reduce Calcium Deposition During Mineralization
Because mast cell mediators inhibited the formation of calcified nodules and no calcified nodules were seen with DMEM, the composition of the hydroxyapatite crystals was investigated. The osteoblastic cultures were analyzed by EDS ( Fig. 6, Supplemental Fig. 2) . Analysis of the mineralized matrix with EDS showed higher phosphorus content in osteoblastic cultures in osteogenic medium, as compared with osteoblastic cells cultured in DMEM. Calcium was detected in the matrix when osteoblastic cells were cultured in osteogenic medium and osteogenic medium containing mast cell mediators, but not in cultures with DMEM. The content of calcium was significantly higher in cultures grown in osteogenic medium without mediators, when compared with cultures grown in osteogenic medium containing mast cell mediators.
Mast Cell Mediators Inhibit ALP Expression
After 7 days in culture in osteogenic medium with mast cell mediators, there was less calcium present than in osteogenic medium. Because ALP acts in the formation of hydroxyapatite crystals, the expression of ALP in osteoblastic cells cultured in DMEM, osteogenic medium, or osteogenic medium containing mast cell mediators was evaluated. At 1 and 4 days in culture, ALP expression was lower in osteoblastic cells cultured in osteogenic medium containing mast cell mediators, compared with ALP expression in osteoblastic cells cultured with osteogenic medium alone or DMEM. In addition, at 4 days, ALP expression in osteoblastic cells cultured in osteogenic medium was lower compared with osteoblastic cells cultured in DMEM. In contrast, after 7 days, ALP expression in osteoblastic cells cultured in DMEM was higher compared with ALP expression in osteoblastic cells cultured with osteogenic media, with or without mast cell mediators. In addition, after 7 days, there was no significant difference between the ALP expression in osteoblastic cells cultured in osteogenic medium and osteogenic medium containing mast cell mediators ( Fig. 7A and B ).
Mast Cell Mediators Inhibit ALP Activity
Because the formation of calcified nodules and calcium content are decreased in osteoblastic cells cultured in osteogenic medium containing mast cell mediators, ALP activity was evaluated. ALP activity was normalized to the total protein content of the osteoblastic cells grown in different media. At 1 day of culture, there was no difference in protein content among the culture media analyzed. After 4 days, it was possible to observe a decrease in the protein content in osteoblastic cells cultured in osteogenic medium containing mast cell mediators compared with osteoblastic cells cultured in osteogenic medium alone.
There was also an increased protein content in osteoblastic cells cultured in osteogenic media, compared with osteoblastic cells cultured in DMEM. After 7 days of culture, the protein content was higher in osteoblastic cells cultured in DMEM, compared with those cultured in osteogenic medium or osteogenic medium containing mast cell mediators (Fig. 8A) .
At 1 and 4 days of culture, the ALP activity levels were low, and there was no significant difference between the culture media tested. After 7 days, the ALP activity was significantly higher for osteoblastic cells cultured in osteogenic media compared to osteoblastic cells cultivated in DMEM. In addition, ALP activity levels in osteoblastic cells cultured in osteogenic medium containing mast cell mediators was significantly higher than that seen in cells cultured in DMEM, but lower when compared with levels of ALP activity in osteoblastic cells cultured in osteogenic medium (Fig. 8B ).
Mast Cell Mediators Alter the Localization and Expression of BSP
BSP is also related to the development of the osteoblastic phenotype and participates in mineralization of the extracellular matrix. Therefore, the influence of mast cell mediators in the localization and expression of BSP was evaluated. At 7 days, BSP was localized in the cytoplasm of osteoblastic cells under all culture conditions. However, in osteoblastic cells cultured in DMEM, there was an accumulation of BSP in the juxtanuclear region, consistent with its localization in the Golgi apparatus (Fig. 9 ). The expression of BSP was significantly lower when osteoblastic cells were cultured in osteogenic medium containing mast cell mediators, compared with osteoblastic cells cultured in osteogenic medium or DMEM. In addition, the expression of BSP was less in osteoblastic cells cultured in osteogenic medium, when compared with osteoblastic cells cultured in DMEM ( Fig. 9 ).
Mast Cell Mediators Modulate the Expression of mRNA of Proteins Involved in Osteoblastic Differentiation
Mast cell mediators influenced the expression and activity of ALP and BSP, proteins important in the mineralization process. Therefore, mRNA expression of ALP and BSP as well as other proteins involved in osteoblastic differentiation and mineralization were evaluated by Real-Time PCR. ALP and BSP mRNA levels in osteoblastic cells cultured in osteogenic medium containing mast cell mediators were significantly lower than those levels found when osteoblastic cells were cultured in DMEM or osteogenic medium. Furthermore, mRNA expression levels for ALP were less for osteoblastic cells cultured in osteogenic medium, compared with osteoblastic cells cultured in DMEM (Fig. 10 ).
In addition, there were no differences in the levels of mRNA for OPN (osteopontin) among the 3 tested culture media, and mRNA expression levels for OC (osteocalcin) were significantly lower in osteoblastic cells cultured with osteogenic medium, when compared with DMEM (Fig. 10) . The mRNA levels for Runx2 (runt-related transcription factor 2) and OSX (osterix) were significantly lower when osteoblastic cells were cultured in osteogenic medium or in osteogenic medium containing mast cell mediators, when compared with DMEM. However, no significant difference was observed in the levels of mRNA for Runx2 and OSX between osteoblastic cells cultured with osteogenic medium or osteogenic medium containing mast cell mediators (Fig. 10 ).
Discussion
Although several previous studies have evaluated the effects of a single mast cell mediator on bone cell behavior, in vivo stimulated mast cells release a wide variety of mediators. Thus, to simulate in vivo conditions, the present study was carried out with pooled mast cell mediators, and the data demonstrate, for the first time, that this combination of mast cell mediators influences the proliferation and morphology of osteoblastic cells and modulates the location, expression, and activity of proteins involved in osteoblastic differentiation. Although specific mast cell mediators can either stimulate or inhibit bone repair and remodeling, [21] [22] [23] [24] [25] [26] [27] [28] in the present study, the combined effects of the mediators was to inhibit osteoblastic proliferation and mineralization of the extracellular matrix. In the presence of mast cell mediators, the mRNA expression of key osteoblastic markers was inhibited as well as the formation and maturation of calcium nodules. This consequently resulted in the inhibition of mineralization of the extracellular matrix.
In the present study, RBL-2H3 cells were activated via FcεRI and media collected 24 hr later to obtain all classes of mediators. As the newly formed mediators (bioactive lipids) are unstable in solution, 50 the osteogenic medium with mast cell mediators probably contains little or no newly formed mediators, such as PGD2, PGE2, LTB4, LTC4, and PAF. 4, 51 However, TGF-β, a preformed and newly synthesized mast cell mediator, and PDGF, a newly synthesized mast cell mediator, among others, most likely are present in the osteogenic medium and can play a role in osteoblastic cell proliferation and differentiation. 4, 44, [52] [53] [54] [55] [56] There are a lack of studies that evaluate the effects of mast cell mediators on the acquisition of the osteoblastic phenotype. However, there are similarities between the granule content of mast cells and those of platelets. 57 The results of the present study are in general agreement with the results seen with platelet extracts. A mixture of growth factors and proteins simulating platelet extracts, including TGF-β1, TGF-β2, and PDGF-BB, was shown to inhibit the development of the osteogenic phenotype both in human and rat osteoblastic cell cultures, and led to an increase in cell proliferation and the inhibition of osteoblastic differentiation. 44, 58 However, in the present study, although a transient reduction in the cell population was detected at day 4 in cultures exposed to mast cell mediators, no differences in the amount of osteoblastic cells between cultures grown in osteogenic medium containing or not containing mast cell mediators were noticed at day 7, when the UMR-106 cells achieve their full osteoblastic phenotype. 59 This reduction in cell population after 7 days was correlated with extracellular matrix mineralization. This was also reflected in the total protein content of the cultures. At least in part, the differential impact on the proliferation rate seen with osteoblasts from different origins suggests that they respond differently to growth factor exposure. Moreover, the composition and the relative proportions of the different constituents in the cellular extracts could exhibit synergistic and/or antagonistic effects. 44, 58, [60] [61] [62] [63] Growth factors can also affect reorganization of the cytoskeleton and might have an impact on migration and cell shape. [52] [53] [54] 58, 64, 65 The present study demonstrated that exposure to mast cell mediators induced morphological changes in the osteoblastic cells. UMR-106 cells are polygonal in shape, but in the presence of mast cell mediators, the actin cytoskeleton is reorganized and the cells become fusiform taking on the characteristic morphology of mesenchymal cells, [66] [67] [68] most likely reflecting a change in function.
In addition to the effects on cell proliferation and morphology, the present study also shows that when UMR-106 cells were cultured in osteogenic medium containing mast cell mediators, there were fewer areas of bone formation, the calcium content was decreased, calcium nodules were smoother and less complex, and no fluorescent calcium-containing nodules were present. These results suggest that the formation of hydroxyapatite crystals was defective, and that the calcified nodules did not mature. Consequently, the process of mineralization was inhibited. Hydroxyapatite crystals are the main inorganic constituent of mineralized tissues and are composed of crystalline calcium phosphate (Ca 10 (PO 4 ) 6 (OH) 2 ). [69] [70] [71] [72] [73] Biological mineralization is a dynamic process involving several proteins that enhance or inhibit formation and growth of hydroxyapatite crystals. [74] [75] [76] [77] ALP, a marker of osteoblastic differentiation, is an ectoenzyme that promotes the mineralization process by hydrolyzing pyrophosphate, an inhibitor of mineralization. 44, 58, 74, 78 BSP, OPN, and OC are non-collagenous extracellular matrix proteins that play a crucial role in the mineralization process. BSP is implicated in the growth and nucleation of hydroxyapatite crystals, and its expression is also an important marker of osteoblastic differentiation. [79] [80] [81] OPN and OC act in the early (calcium deposition) and late (homeostasis of calcium ions) stages of the mineralization process. [82] [83] [84] [85] [86] Moreover, Runx2 and OSX are transcription factors that are involved in osteoblastic differentiation. [87] [88] [89] In the current investigation, the presence of mast cell mediators leads to a decrease in ALP expression, and a decrease in the expression of BSP. Also, the intracellular distribution of BSP was modified. Furthermore, in the presence of mast cell mediators, expression of mRNA for both ALP and BSP was reduced, although the expression of mRNA for OPN, OC, Runx2, and OSX was unaffected. OPN has been considered a potent mineralization inhibitor. [90] [91] [92] [93] [94] Thus, although mast cell mediators did not affect the expression of mRNA for OPN in UMR-106 cells, the exogenous OPN, produced by mast cells and probably present in the osteogenic medium, could inhibit the mineralization process by maintaining high levels of pyrophosphate. 34, [90] [91] [92] [93] [94] 95 In addition, the inhibition of mineralization could also be due to the presence of TNFα, which is a pro-inflammatory cytokine found in mast cell granules that inhibits the expression and activity of osteoblast markers, such as ALP, eventually impairing the mineralization of the extracellular matrix [96] [97] [98] ; TNF-α has also an inhibitory influence on bone formation through the induction of osteoblast apoptosis. Another important mast cell mediator is histamine, which can also affect bone metabolism. [27] [28] [29] [30] [31] [32] [33] Several studies have demonstrated that histamine has a direct effect on osteoblasts, stimulating the maturation and differentiation of osteoblastic cells. 30, 31 In the present study, differentiation of UMR-106 was inhibited, suggesting that the stimulation of differentiation by histamine might be counterbalanced by the presence of inhibitory factors in the medium.
In conclusion, the present study has demonstrated that mast cell mediators act synergistically to reduce the osteogenic potential of the UMR-106 cells and consequently inhibit the mineralization of the extracellular matrix. Further studies are needed to elucidate the precise effects of mast cell mediators in vivo. Nevertheless, the results of the present study contribute to the understanding of the influence of mast cells and their mediators in bone repair and remodeling and support the concept that immune system cells and bone cells interact and influence bone metabolism in health and disease. Thus, mast cells are a potential therapeutic target for the treatment of bone disorders.
